The vegetation-based Hawkesbury-Nepean Wetland Assessment (HNWA) Index developed by Sainty and Jacobs (1997) , was evaluated using three years of field survey data. Twenty-one wetlands that varied in geomorphology, dominant vegetation, hydrology, substrate and degree of human impact were assessed. Data from these wetlands were used to investigate the influence that taxonomic resolution (plant identification to family, genus or to lower ranks), species inclusion (all species recorded or only aquatic species recorded), spatial and temporal variability, cover class and scaling had on overall performance of the index. A modified water plant index was developed that is simpler and has a wider geographic application than other options available in Australian for on-ground wetland condition assessment using aquatic plants. Application of real data to the index highlighted the cumulative effects of error on summarising data into a single index and compounding effects to multimetric situations. † Deceased
Introduction
Aquatic plants can be used to monitor the condition of wetlands because they are key to trophic level dynamics within any wetland ecosystem. Indices or metrics of wetland condition based on plants, however, have had limited use compared to indices using macroinvertebrates. The most widely applied techniques for assessing the health or condition of freshwater ecosystems typically use: (1) a single index; (2) multiple indices; or (3) predictive modelling algorithms. These three techniques have been developed and used extensively using macroinvertebrate diversity and abundance. Wetland assessment based on aquatic plants has been used less frequently: mostly limited to single and multiple indices, with some recent application to predictive modelling (Smith et al. 2009 ).
Methods that use vegetation monitoring with a single metric or variable (such as abundance, species richness or diversity), or a single index (calculated using more than one metric), can be grouped into three categories: (1) community-based metrics, (2) metrics based on plant functional groups, and (3) species-specific metrics (USA EPA 2002) . A community-based index can measure how the plant community responds to, for example, hydrological change, and impact can be detected by the changes in the ratio of native and exotic species. Changes to natural hydrological regimes (changes to water quality, water level and hydroperiod) have well documented impacts on plant communities (Reid & Brookes 2000) . Community-based metrics, such as species richness, can measure the response of the plant community to a disturbance: for example, the absence of species that are sensitive to the disturbance; the dominance of invasive and exotic species; or dominance of one species or one structural type will suggest a disturbance.
In the USA, a database has been established that lists the sensitivities of plant species and functional groups to different stressors (Adamus & Gowyaw 2000) . However, even this database only summarises data from 16% of water plant species (USA EPA 2002) .The main difficulty facing the application of such an approach in Australia is the limited knowledge of water plant species responses to specific disturbances or impacts. While there is some recent literature on Australian water plant species and their response to specific disturbances (Blanch et al. 1999 , Rea & Storrs 1999 , Blanch et al. 2000 , Casanova & Brock 2000 , Rababah & Ashbolt 2000 , Robertson & Rowling 2000 , Morris & Ganf 2001 , Downes et al. 2002 , Brock 2003 , Reid & Quinn 2004 , Brock et al. 2005 , Doupe et al. 2010 , Mackay et al. 2010 ), further information remains in unpublished reports.
There are a number of indices that incorporate wetland vegetation (Table 1) . The Hawkesbury-Nepean Wetland Assessment (HNWA) Index (Sainty & Jacobs 1997) is an example of a local community-based index developed in Australia. This index relies on the assumption that impacted wetlands will contain more exotic species than less impacted wetlands, an assumption that was tested and found to be robust in the Hawkesbury-Nepean catchment (Sainty & Jacobs 1997 ).
There are two potential sources of error in the calculation of an index: the collection of data and the analysis of the data. This paper aims to provide a sensitivity analysis of an established protocol (Hawkesbury-Nepean Wetland Assessment Index, Sainty & Jacobs 1997) for the assessment of wetland condition across a range of wetland types and qualities over time.
Methods
Data were collected to test the sensitivity or vulnerability of a single index to data collection methods and to analytical techniques. These variables included sampling effort (number and size of quadrats), inclusion of dryland species and taxonomic resolution. Furthermore, a single index was used to test the importance of sampling design, pilot testing, as well as understanding the effects of errors when data are summarised into a single number/metric or index. By understanding the effects of errors on a single index, suppositions can be made to the orders of magnitude of the effects of errors for multiple metrics. A broad definition of wetlands was used in this study to accommodate different types of wetlands in south-eastern Australia. Wetlands were defined as areas of land permanently or intermittently inundated with freshwater, or areas characterised by vegetation dependent on standing water for their maintenance.
A range of New South Wales wetlands were sampled (latitudes 34°37.93'-32°50.345'S; longitudes 153°15.08'-150°00.95'E) ( Table 2) . A total of 21 wetlands were sampled in autumn (April-May) and spring (August-October) of 2001-2003 (Table 2) . Wetlands were selected to encompass a range of geomorphic settings, wetland types, function, size and dominant vegetation type (Table 2 ). These wetlands were categorised into: highly impacted (those constructed for water quality improvement or wetlands heavily impacted by human interference such as pollution or grazing); moderately impacted (wetlands with histories of anthropogenic-impacts but whose general objective, at the time of survey, was to provide wildlife habitat); and less impacted (located in conservation areas with little or no human disturbance locally or in their upper catchments).
An adaptation of the method of Gibson and Hurst (2005) for sampling aquatic vegetation was used for this study. We divided each wetland into compass sectors (north, south, east, west), and then each sector into different vegetation zones (emergent, submerged, floating or edge). A 100 m transect was placed across the contiguous vegetation zones (perpendicular to the water's edge). Twenty randomly placed 1 m 2 quadrats were positioned along each transect, and the presence/absence and percentage cover of each species were recorded for each quadrat. Cover class was categorised as follows: 1, one individual; 2, 1-10% cover; 3, 11-30% cover; 4, 31-60% cover; 5, 61-80% cover; 6, 81-100% cover.
The Hawkesbury-Nepean Wetland Assessment (HNWA) Index
The HNWA Index (Sainty & Jacobs 1997 ) scores the number of natives, introduced and noxious species (between 0 and 3) recorded at a site, according to estimates that greater than 17 native species in the Hawkesbury-Nepean region is considered good condition, and then sums the scores for an overall condition score for the site. A score of '9' indicates a wetland in excellent health with no introduced species present. The relevance of the index was increased by using the proportion of native and introduced species rather than a static constant (i.e., > 17 is good condition) allowing the index to have a wider geographic application (Ling & Jacobs 2003 , Ling 2010 . That is, a score of 3 was allocated to a site (or transect or quadrat) if the proportion of natives exceeded 80%, and a score of 0 if the proportion of natives was less than 30% (Table 3 ). The scoring for the numbers of noxious species was left unchanged from the original protocol (Sainty & Jacobs 1997) , i.e., if the noxious or major weed species represented more than 11% the score was zero, between 1-10% scored 2 and none scored 3 (Table 3) . A total score for a wetland of '9' was interpreted as indicating a wetland in "excellent" condition; '7' indicates a wetland with "some hope"; '5' indicates a wetland in "marginal" condition; '4 or less' indicates a wetland in "poor" condition (Sainty & Jacobs 1997) . This interpretation presupposes that the higher proportion of native species to exotic species indicates a wetland in better condition. This paper examines whether other variables challenge this supposition. Other variables tested for their effects on the index are data collection methods, and analytical considerations. (Austin & Greig-Smith 1968) . Some surveys vary the shape of the plot by using 0.5 × 2 m plots for aquatic vegetation and 0.5 × 4 m plots for woody species (Auble et al. 2005) or circular plots (Fortney et al. 2003) . In Australia, submerged aquatic vegetation surveys that test for biomass have used 0.04 m 2 quadrats (Roberts et al. 1999 (Roberts et al. , 2001 Royle & King 1991; AMBS 2000) while others that measure cover class and species richness use 1 m 2 quadrats (Jacobs et al. 1994 , Gibson & Hurst 2005 . No Australian studies could be found on testing sampling effort of vegetation surveys appropriate for Australian rivers or wetlands. The influence of sampling effort was tested by collecting data from two different quadrat sizes: 1 m 2 and 0.0625 m 2 (0.25 × 0.25 m).
Data collection methods

Analytical considerations
Different analytical considerations are also hypothesized to affect the accuracy and precision of an index, including whether one records all species or only aquatic species, taxonomic resolution, inclusion of rare species, sampling effort, spatial and temporal variability, performance, cover class and scaling of the index.
While classification of species as strictly aquatic or not is subjective, it has been argued that there is a need to identify all species rather than just the obligate aquatic species. Dryland species were defined as those tolerant of flooding but not exhibiting a dependence on flooding for part of their life cycle. Wetland species were defined as those that require some inundation to complete their life cycle (Sainty & Jacobs 1981 Jacobs 1983 Jacobs , 2005 . Data were analysed to evaluate the influence on the index of either including all species or only the aquatic species.
To explore the influence of taxonomic resolution on the index, all taxa were identified to species so that comparisons could be made between specific, generic, and familial resolution of identification. Fig. 2 . Boxplots for Hawkesbury-Nepean Wetland Assessment (HNWA) Index scores in the three different vegetation zones: edge, emergent (EM) and submerged (SUB). One-way ANOVA indicates that there is a significant difference between habitats at α = 0.05. To explore whether the underestimation of native or introduced species changed the index, all taxa were identified and categorised as native or exotic.
Spatial and temporal variation scores were analysed using a three-way nested ANOVA with 'season' as the first factor (fixed), 'degree of human impact' as the second factor (random) and 'sites' (nested in degree of human impact) as the third factor (NCSS statistical package).
The HNWA protocol is based on an overall assessment of a wetland and does not use quadrats to represent the wetland plants. Therefore, the use of quadrat data is to explore the effects of errors using real data rather than subjective estimates (of native and introduced species numbers and cover of an entire wetland) as is used in the original HNWA protocol. To evaluate the performance or frequency of the score for each quadrat within a transect (i.e., how many quadrats within a transect had the same score), a score for the cumulative 20 quadrats was calculated for all transects sampled in autumn 2001.
Other metrics were also calculated that could potentially improve the sensitivity of the index. These included: cover class (total cover of native, introduced and noxious weeds calculated as a proportion of the total cover) ( Table 3) ; cover class and counts (average between the percent cover and the number of species); and scaling of the scores (each score was converted to a proportion of the highest score).
Results
Data collection methods
Calculating the scores for the two quadrat sizes, found that the smaller quadrat (0.25 m × 0.25 m) underestimated both native and introduced species compared to the 1 m 2 quadrat (Table 4) .
Over half of the species recorded were categorised as dryland species and results showed that for most wetlands, there was little change to the HNWA scores when the 'dryland' species were excluded (Fig. 1) . Only scores for two sites (Lower Portland and Lake Nadungamba) indicated worse wetland condition with inclusion of dryland species (>7, <7, respectively), a consequence of the majority of dryland species also being categorised as introduced.
Significant differences in the scores were identified between 'sites' nested in degree of human impact (p<0.0001, Table 5 ). Other factors were not significant, suggesting that variation within and between 'sites' is more significant than any overall differences between 'seasons' or putative 'degree of human impact' (Table 5) .
To explore the differences between scores across vegetation zones within a wetland, overall wetland scores were compared to scores for each zone (i.e., edge, emergent, floating, submerged) ( Fig. 3) . For most sites, the scores for each vegetation zone did not change the final assessment of the wetland. However, when the scores varied over a critical interpretation value, such as '7' , then there is the potential for misinterpretation when only one vegetation zone is assessed. For example, at Mianga wetland, the score for the edge habitat was considerably lower (6.5) than the emergent zone (8.25) (Fig. 3) . When each of the transects were analysed separately, the 'edge' vegetation zone had significantly lower scores than the other vegetation zones (p <0.05, Fig. 2 ), but this was again site dependent. 
Analytical considerations
Scores for the cumulative species for 15 to 20 quadrats were calculated for all transects sampled in autumn 2001 (Table 6 ). Even though all species were not always represented in the 15 quadrats, most of the scores calculated from the 15 were the same as the score for 20 quadrats. There was only one occasion (Lower Portland wetland) when the score was lower for the 15 quadrats (score of 7) than for the 20 quadrats (score of 8).
Wetlands that are 100% native species (natural wetlands) or 100% introduced, there is no difference in the scores using either proportion or counts of native or introduced species. However, those wetlands with more cover of introduced or noxious species resulted in lower scores (more degraded assessment) despite having a higher proportion of native species compared to introduced species. Conversely, wetlands with more cover of native species had higher scores despite having lower numbers of native species compared to introduced species. This relationship between the number of native and introduced species was confirmed with a linear regression that the proportion of native species was positively related to the percent cover of native species (p = 0.72) with more than half the variation in numbers accounted for by variation in the cover of native species (r 2 = 0.5136). There was a similar result for the proportion and the cover of introduced species (p = 0.70, r 2 = 0.4938). The index using both cover class and the number of species was an average of the two indices based on individual variables (Fig. 4) .
Scaling, or comparing each score with the maximum score over time or location or dataset, enables comparisons to be relative rather than to an artificial optimum condition. Scaling the scores over each wetland resulted in little effect on the overall scoring of the wetlands when averaged across wetland impact since many of the wetlands had the maximum score (9) and so scaling had little effect to the overall scoring of the wetlands (Fig. 5 ).
Discussion
Data collection methods
The HNWA Index is based on an overall assessment of a wetland and does not necessarily use quadrats to sample wetland plants. The assessment of the HNWA Index using field survey data was simply to illustrate the effects of under-or overestimation of species richness. The comparison of species numbers estimated from data obtained from 1 m 2 compared to 0.065 m 2 quadrats demonstrated that species number could be underestimated by smaller quadrat sizes. Four possible scenarios were identified: underestimation of (a) native species, (b) introduced species, (c) both the native and introduced species, and (d) both remain the same.
Underestimation of native species increases the probability of 'measuring' an impact when there is none, also known as Type I error. Underestimation of introduced species also changed the abundance grouping and consequently altered a wetland's score. For example, in the case of the Mianga wetland, the smaller quadrat recorded four (28%) introduced species, putting it into the abundance class of <30% exotic species, giving it a score of '3' . On the other hand, the larger quadrat picked up more introduced species (9 species or 45%) thereby generating a lower score of '2' . Also the smaller quadrat recorded 10 native species (71%), thereby scoring a '2' , whereas the 11 native species in the larger quadrat (only 55%) represented a score of '1' . Neither quadrat recorded any noxious species, thereby giving total scores for the smaller quadrat as '8' and "excellent", and the larger quadrat as '6' and in the "some hope" category. This underestimation of the introduced species in the smaller quadrat increases the probability of not detecting an impact when there is an impact, or a Type II error.
When both native and introduced species are underestimated by using too small a quadrat, the scores cancelled each other out. Percentages of both the native and introduced species remained in the same abundance class, causing no change to the calculation of the scores and the assessments remain the same (Cypress, Lower Portland, Plumpton Creek and Thirlmere Lakes wetlands).
Therefore, quadrat size can influence the final assessment of a wetland and the selection of quadrat size should be based on pilot studies testing quadrat size with considerations of wetland type. Ultimately, whatever quadrat size is selected, it should be sufficiently large to provide consistent measures across all wetlands compared. This is also the case for selection and analysis of vegetation zones, since the compositional proportions of the vegetation zone will differ and this can also impact the score.
In addition, underestimation of the number of native or introduced species in a wetland can also be introduced by misidentification of species. Misidentification is especially difficult to detect, and is rarely discussed in the literature (Scott & Hallam 2002) but is clearly a source of error that may affect vegetation indices. This highlights the importance of collecting reference specimens that are retained for later reinterpretation, identification and analysis.
Performance, or frequency of the same score, was high for 15 to 20 quadrats, indicating that 20 quadrats in a transect provides good precision (or estimate) of the scores within a vegetation zone. The only exception to this was due to the underestimation of native species resulting in an increase in the probability of detecting an impact when there is none (Type I error). Even though over half of the species were identified in this study as dryland species, there was little change to the assessment of most wetlands when the non-aquatic species were excluded from the analyses. For two of the wetlands, the scores suggested that the condition of the wetland was worse than when dryland species were included. This was a result of the high proportion of introduced species among the dryland species.
Analytical considerations
If the flora of an area is reasonably well known, then accurate results can be expected if vouchers are collected and are authenticated. As proposed in the sections using different quadrat sizes, misidentifications can result in an incorrect estimation of the wetland scores.
Wetlands include several families which have both native and introduced taxa and multivariate analysis of taxa only identified to the family-level provide little information for delineating natural (less-impacted) and impacted wetland sites, compared to genus-level analyses (Ling 2010) . However, some genera still contain both native and weedy species (e.g., Alternanthera philoxeroides and A. denticulata; Paspalum distichum and P. dilatatum; Cyperus difformis and C. eragrostis). We suggest that if higher level aggregation is required, identification and classification of native, exotic or noxious species will still need to be done at species level for selected families, rather than a total aggregation to family or genus-level. Initial testing of the HNWA Index (Ling & Jacobs 2003) in seven natural and habitat wetlands over one season, found that proportions rather than numbers of native and introduced species gave the index a wider application to wetlands outside the Hawkesbury-Nepean catchment. This study using 21 wetlands over a two year period has supported this conclusion. However, inclusion of highly degraded wetlands has also highlighted the need to include cover as a measure in the index. This was evident in the scores of the degraded wetland at Coraki. The submerged habitat of Coraki wetland was visually dominated by the free-floating noxious weed, water hyacinth (Eichhornia crassipes). The importance of that species on the health of the wetland was not reflected in the index since the presence of only one noxious species represented less than 5% of the total number of species, whilst covering over 80% of the wetland.
Scaling the scores (converting each score to a percentage of the highest score) allows the scores to be compared relative to one another (spatially and temporally) and enables the use of reference sites to be incorporated. While scaling the HNWA scores results cannot be interpreted in the sense that >7 is a pristine wetland or a score of <4 is an impacted wetland, as originally prescribed by the developers (Sainty & Jacobs 1997) , it does provide the potential to compare scores with well chosen reference sites and enable the data to be analysed using analysis of variance techniques. Selection of the sites in this project was not to test for particular impacts of any particular wetland type. That is, the natural wetlands were not sampled as reference sites for the impacted wetlands, but rather as wetlands with little or no human disturbance. However, scaling the scores would be appropriate for surveys within a local government area that incorporated similar wetland types of different qualities. It would allow managers or stewards of wetlands to develop a baseline index specifically for the wetland vegetation in a region and enable the prioritisation of wetlands.
When the restoration of impacted wetlands is being considered, we suggest that an appropriate 'un-impacted' natural wetland be used as a baseline for prioritising which wetlands to restore. The HNWA Index scores of this natural wetland could be used as indicators of how the restoration is proceeding.
Conclusions
The results of our study in southeast Australia demonstrate that sampling effort and the variables chosen influence wetland health indices in the Hawkesbury-Nepean Wetland Assessment (HNWA) index. We demonstrated that the proportion of species, rather than numbers of native and exotic species, should be used to allow the index a wider geographic application to wetlands outside the Hawkesbury-Nepean region (Ling & Jacobs 2003 , Ling 2010 .
The vegetation-based wetland index of Sainty and Jacobs (1997) has been here modified to incorporate percent plant cover, with a recommendation to scale the scores (compare to maximum scores). The modified index is simpler and has a wider geographic application than the other Australian options available, as it is not specific to wetland type, or regionally based.
The application of data from this study highlighted the effects of errors that can be made in summarising data into a single index and the need for careful consideration of aggregation of taxonomic information, sampling effort (quadrat number and size), sampling designs including reference sites. Consideration of the number and size of quadrats and habitat type are necessary to minimise the effects of errors, as well as considerations of quality control and assurance issues.
Information is lost in any index since only measures of number (or proportion) of native, introduced and noxious species are used. Other measures such as cover class, abundance, sensitivity or tolerance of a species to natural disturbances such as hydrological change (e.g. drought, flood, salinity), species characteristics (e.g. successional, perennial, annual, or opportunistic species) and human-induced disturbances (siltation, litter, cattle, stormwater pollution) may also provide valuable information for the assessment of a wetland.
